Abstract-We present a method for the realization of the ampere based on Faraday's induction law and using a modification of the classic Pellat balance. A preliminary apparatus has been constructed and initial measurements have been obtained. This balance is also compared with a balance similar to one proposed earlier.
INTRODUCTION
T HROUGHOUT the history of the National Bureau of Standards (NBS), the direct measurement of the NBS ampere in terms of the fundamental units of mass, length, and time has been periodically performed. The last such measurement occurred in 1968 [1] . In the past, these measurements have been essential to establish an accurately known national voltage reference. At present, a more accurate ampere determination is essential to help resolve discrepancies that exist among the measured values of some of the fundamental physical constants [2] .
The NBS effort to carry out a sub-parts per million (ppm) ampere determination is now in progress: a new coil system has been designed and construction will soon begin; a multi-axis laser interferometer system has been obtained and tested; a data acquisition system designed for remote operation and high-speed data rates has been installed; and a preliminary ampere balance in the form of a Pellat "electrodynamometer" has been assembled and is now in operation [3] . This report describes the preliminary ampere balance and briefly discusses the resolution of this instrument.
THEORY OF THE MEASUREMENT
Following a proposal by Kibble [4] ,i the need for measuring the dimensions of a physical object has been replaced by the need to effectively measure [7] . Also, C. H. Page in 1971 suggested to one of the authors, E. R. Williams, that the derivative of the mutual inductance with respect to the balance pan displacement is a constant for the Pellat balance.
riences a torque tending to align its axis with that of the magnetic field.
The torque on the rotatable coil is given by
where II and I2 are the currents in the rotatable and external circuits, respectively, Ml2 is the mutual inductance, and 0 is the rotation angle. The integral of this torque in moving the coil between two angles (initial and final) is then
If the coil is now allowed to rotate with its circuit open, the magnitude of the EMF generated is 6(t) = I2(dM/dt). Fig. 3 . A mirror mounted on the axis of rotation of the rotating coil reflects a laser beam onto a split photovoltaic cell. An unbalance in the illumination produces a dc voltage across the photo-cell. The amplified signal produces a current in the torque coils which rotates the balance beam until the output voltage of the photo-cell is zero. This servosystem controls the balance point to a few microradians. Fig. 2 shows a simplified schematic of the servo system which maintains the constant EMF. The balance arm is driven to rotate about the central knife edge so that the EMF generated in the rotatable coil equals that of the reference voltage. When the rotation nears either end, an optical sensor triggers a reversing switch which inverts the polarity of the reference voltage causing the balance to reverse its direction of rotation. The laser interferometer is used to trigger a clock reading when a predetermined number of fringes has been counted. After an initial settling time, the EMF integral can be calculated from the sum of all voltage measurements between any two time measurements taken between reversal points.
Each time a specified number of interferometer fringes is counted, the data acquisition system reads the accumulated time of a 1-MHz clock and the difference between the reference voltage and the EMF generated in the rotating coil. This correction voltage, typically less than I 1aV with noise of a few tenths ,V, is also used to drive the servo system. The reference voltage, about 1 mV and stable to a few ppm, is also monitored at frequent intervals. The measured reference and correction voltages are added to give the coil voltage. Data are taken with the balance swinging in both directions to cancel the effects of voltage offsets and thermal EMF's. Integration of the coil voltage over time is done numerically, and the results for numerous pairs of up and down swings are averaged. Fig. 3 shows the abbreviated schematic of the weighing servosystem. A mirror located on the rotatable coil reflects a laser beam onto a split photovoltaic cell. The analog servosystem fixes the balance beam in such a position that the laser beam equally illuminates each half of the photovoltaic cell. This servo system fixes the angle of the balance beam to within several microradians.
MEASUREMENT OF THE FORCE INTEGRAL
A mass of 1500 mg is added to the scale pan on which the corner cube is mounted. The current in the rotatable coil is adjusted to nearly counterbalance the torque of the standard mass at the end of the balance beam. The servo system provides the additional torque with current in the torque coils. The torque coils are calibrated frequently by noting the change in current in them for a known change in current in the rotatable coil. The vertical position of the scale pan is read from the interferometer. This permits the manufacturer to select the design which he feels would give the best performance from cryogenic considerations.2 2 The system described here is similar to that of [6] except that it is simpler to construct and requires a standard type of dewar. A current reversal in the rotatable coil occurs simultaneously with the removal of the standard mass on the scale pan. Each set of weighings at a position z constitutes one value of the integrand of XzzF(z)dz. Weighings are then repeated over the range zi to zf and the results are numerically integrated.
The statistical uncertainty of a single set of weighings at one position which requires 5 min, including calibration of the servo system, is less than 30 ppm. Data taken over 45 min, including reversals of the current, are scattered from similar sets by less than 10 ppm. We expect a substantial improvement when some care is taken in the mounting and mechanical isolation of the balance.
MEASUREMENT RESULTS
Measurements with the Pellat balance to date have concentrated on the development of control equipment and measurement techniques. Therefore, we have not evaluated in detail the effect of systematic uncertainties. Similarly, a constant current in the rotatable coil will support in equilibrium a single mass on the scale pan at any vertical position of the scale pan.
Our Pellat balance is a modification of an existing balance. The balance was supported on wooden piers resting on a cement floor. The I -mT magnetic field was supplied by Helmholtz coils wound on wooden forms. Thus major improvements are clearly possible. However, a difficulty with the Pellat balance is its sensitivity to changes in the dimensions of the rotatable coil. Our rotatable coil has 43 000 turns of 0.2-mm diameter copper wire. Thermal expansion of the copper changes the coil's area by about 40 ppm/°C, and the torque produced varies as the area. The height of the coil also changes by about 20 ppm/°C, thus affecting the balance sensitivity.
Even more critical is the shift of mass on the balance beam as the rotatable coil diameter changes dimensions. The coil is not anchored uniformly on the balance beam so the coil "creeps" along it. Considering that the mass of the rotatable coil is approximately 2 kg and has a diameter of about 10 cm, the balance moment could change by as much as 0.4 gm-cm/°C.
Our experience has convinced us that the Pellat balance, properly supported and with a stronger external magnetic field, could be used to measure KA to the ppm level. Control of the rotatable coil temperature, by always maintaining constant power in the coil, would greatly reduce the effects described above.
FUTURE PLANS
The eventual NBS high accuracy (parts in 107) ampere determination will use an instrument which more closely resembles the classical current balance (see Fig. 4 (a) and (b)) [6] . In this system, the magnetic field coils will be superconducting, while the force coil, suspended from the arm of a balance, will be at room temperature. Because of the high current densities in the superconducting field coils, both the EMF generated in the moving coil and the vertical force to be measured will increase by about 3 orders of magnitude over those in the preliminary Pellat balance described above. These will result in a thousandfold improvement in the voltage and force measurements. The velocity measurements will be made in a manner similar to that described for the Pellat balance.
Contrary to all previous ampere balances, however, the vertical force on the suspended coil will be, to first order, independent of its diameter and nearly independent of vertical position for a substantial displacement about the midplane of the field coils, i.e., for 5-to 6-cm total displacement.
The swing of the balance beam will cause lateral motion of the suspended coil as it travels vertically. A balance now under consideration, however, will servo the vertical path of the suspended coil to eliminate lateral motions by providing the flat of the central knife with the ability to move in a horizontal plane.
To eliminate the problem of the motion of the cryogenic field coils, a coil similar to the suspended coil will be prepositioned and fixed around the outside of the dewar. This coil, which defines a reference plane, will have an EMF generated in it should the field coils move. All voltage and displacement measurements of the suspended coil will be made with respect to this voltage and this position reference plane.
